A 980 nm bottom-emitting vertical-cavity surface-emitting laser (VCSEL) with a p-contact diameter is reported to achieve high power and good beam quality. A numerical simulation is conducted on the current spreading in a VCSEL with oxidation between the active region and the p-type distributed Bragg reflector. It is found that, for a particular oxide aperture diameter, somewhat homogeneous current distribution can be achieved for a VCSEL with an optimized p-contact diameter. The far-field divergence angle from a 600 μm diameter VCSEL is suppressed from 30°to 15°, and no strong sidelobe is observed in the far-field pattern by using the optimized p-contact diameter. There is a slight rise in threshold and optical output power that is due to the p-contact optimization. By improving the device packaging method, the maximum optical output power of the device is 2:01 W.
Introduction
The vertical-cavity surface-emitting laser (VCSEL) has become the most promising semiconductor laser source because of its most remarkable features such as a circular output beam, high packing density for two-dimensional arrays, on-wafer testing, and single longitudinal mode [1] [2] [3] . A low-power VCSEL has been widely used in optical communications and for scanning and massive parallel optical interconnects [4] [5] [6] . The VCSEL with high output power and good beam quality has much greater potential for applications in nonlinear optics, laser pumping, material treatment, and free space communication [7] [8] [9] . In particular, high-power laser devices with a good quality laser beam and a narrow spectral width in the 940-980 nm wavelength range are desired to pump Er-or Yr-doped fiber amplifiers or fiber lasers [10, 11] . Since the approach of the array of elements is more complicated than a monolithic VCSEL diode structure in device fabrication and application and the multiple light source array structure complicates the optical system to obtain high beam quality, a single VCSEL with high optical output power at continuous wave (cw) operation is more suitable for direct application. Several methods have been used to achieve single-mode emission, but the power of a single-mode VCSEL device is low [12] [13] [14] . To obtain higher output power, a single VCSEL device with a larger aperture should be employed, however, the current distribution in the VCSEL device becomes heterogeneous when the size of its aperture increases, and strong sidelobes appear in the far-field pattern from the VCSEL with a larger aperture. This poor optical energy distribution is difficult to collimate or focus when using optical elements to feed the emitted light into a glass fiber.
We report on a large aperture bottom-emitting VCSEL with an optimized p-contact diameter. A numerical study is conducted on the current spreading in a large aperture bottom-emitting VCSEL with oxidation between the spacer layer and the p-type distributed Bragg reflector (DBR) mirror. It was found that the simulated current density profiles of the VCSEL depend on both the oxide aperture diameter and the p-contact diameter. For a particular oxide aperture diameter, we can obtain a homogeneous current density in the active region by optimizing the p-contact diameter, thus the strong sidelobes that appear in the far-field pattern from the VCSEL with a large aperture could be eliminated. The far-field divergence angle from a 600 μm diameter VCSEL is suppressed from greater than 30°to less than 15°w hen the p-contact diameter is decreased from 650 to 580 μm. There is a slight rise in threshold and optical output power that is due to the optimization, and the maximum cw optical output power of 2:01 W with a lasing wavelength of 982:6 nm is obtained.
Device Structure and Numerical Simulation
A schematic cross-sectional view of a VCSEL structure is shown in Fig. 1 . The VCSEL structure layers with 22.5 pairs of silicon-doped n-type DBRs, multiple quantum-well active regions, and 34 pairs of carbon-doped p-type DBRs are grown by metal-organic chemical vapor deposition on an n-GaAs (100) substrate. Both types of DBR consist of alternating Al 0:9 Ga 0:1 As and Al 0:1 Ga 0:9 As quarter-wavelength layers with a graded interface to reduce series resistance. The active region contains three 8 nm thick In 0:2 Ga 0:8 As quantum wells embedded in 10 nm thick GaAs 0:98 P 0:02 barriers for lasing at 980 nm wavelength. The Al 0:6 Ga 0:4 As and Al 0:3 Ga 0:7 As spacer layers are designed to form separate confinement heterostructures and are used to form a one-λ cavity. The top 100 nm GaAs contact layer is doped to a concentration of more than 1 × 10 19 cm −3 to achieve good ohmic contact. A 30 nm thick Al 0:98 Ga 0:02 As layer is inserted between the p-type spacer layer and the ptype DBR for selective oxidation to provide lateral current confinement.
The simulation is performed using cylindrical coordinates. The coordinate origin is at the center of the p-contact diameter and the z axis points to the output aperture. Current spreading of the VCSEL is solved numerically for a potential U using a finite element method defined by the Laplace equation [15] 
In contrast with a uniform current density, a constant potential surface U 0 at the p-type circular contact is assumed to be an appropriate boundary condition, and the bottom contact potential is zero.
To minimize computation time in two-dimensional computations, the device is divided into several regions, and each region of the VCSEL is assumed to be homogeneous with single radial σ r and longitudinal σ z conductivity values. The conductivities are calculated using Eqs. (2) and (3) from the literature [16] and are displayed in Table 1 :
where J c is the one-dimensional current density in each region, d reg and d n are the thickness of the region and the n th layer, respectively. The radial resistivity ρ r is calculated from each resistive layer in parallel. The current density J z in the longitudinal direction injected into the active region is calculated following the equation
The diameters of the mesa and the light output aperture are 650 and 600 μm in the simulations.
To vary contact sizes of 650, 600, 580, and 550 μm, the current density profiles in the active region for the VCSEL of 600 μm oxide aperture diameter is calculated and illustrated in Fig. 2 . It is found that the simulated current density profiles of the VCSEL depend on both the oxide aperture diameter and the p-contact diameter. For a particular oxide aperture diameter, the shape of the current density profile is determined by the size of the contact diameter. There is no significant difference in current density profiles at the center of the oxide aperture, but there is an obvious drop in current density at the aperture perimeter as the contact diameter decreases from 650 to 550 μm. For large contact diameters of 650 and 600 μm, current crowding occurs and leads to an overshoot of carriers at the aperture perimeter, resulting in a ring-shaped profile in the far-field pattern. But for a contact diameter less than the oxide aperture diameter, the shape of the current density profiles is dominated by the size of the contact diameter rather than the oxide aperture. As illustrated in Fig. 2 , for small contact diameters of 550 and 580 μm, the current crowding at the aperture perimeter could be eliminated. So a homogeneous current distribution in the active region can be expected due to optimization of the contact diameter.
Device Processing and Performance
Wet chemical etching is used to define a circular mesa. The exposed Al 0:98 Ga 0:02 As layer is oxidized in a water vapor atmosphere using nitrogen as the carrier gas at 420°C to form a 600 μm diameter current aperture and to determine the active diameter of the device. After oxidation, a Si 3 N passivation layer with a circular window having a 650 or 580 μm diameter opening is deposited upon the surface and used to determine the p-contact diameter of the device. A full size p-type Ti-Pt-Au contact on the top of the mesa is evaporated and serves as a metal pad for soldering. The GaAs substrate is thinned to approximately 120 μm to minimize absorption losses, then polished to an optical finish, and an antireflection coating of 600 μm diameter is applied to the substrate. Self-aligned lithography is used to evaporate the n-type Ge-Au-Ni-Au electrical contact that surrounds the emission windows. The device is simply bonded to a copper heat sink with indium solder, and the junction down bonding method is used because of its efficient heat diffusion.
The comparison of far-field patterns between devices with 650 and 580 μm p-contact diameters is carried out and shown in Fig. 3 . From the device with a 650 μm p-contact diameter, strong sidelobes appear in the far-field patterns under all injection current (1, 2, and 4 A), as shown in Fig. 3(a) . Just above threshold, a ring-shaped intensity profile is observed; for higher currents, mainlobes occur at the symmetry axis but several sidelobes at divergence angles up to approximately 30°are also present. This is the result of current crowding and leads to an overshoot of carriers at the aperture perimeter under all injection current, resulting in a ring-shaped profile in the far-field pattern. The divergence angle and the amplitude of these sidelobes strongly depend on the injection current that is due to the appearance of different highorder transverse modes. The near-field pattern at 4 A is shown in the inset of Fig. 3(a) . The device operates at high-order transverse modes. This kind of optical energy distribution pattern is a disadvantage for optical coupling output applications. Figure 3(b) shows the far-field patterns of the device with a 580 μm p-contact diameter for different laser currents. The more homogeneous current density distribution across the active area results in a highquality output beam. There is no obvious strong sidelobe energy distribution observed, and the maximum intensity is on the symmetry axis. The full-angle at half-maximum (FWHM) divergence angle is suppressed to below 15°for all the driving currents. The near-field pattern at 4 A is shown in the inset of Fig. 3(b) ; the laser operates in lower-order transverse modes. Because of the circularly symmetric patterns with a low beam divergence angle, the beam of the device can be easily focused or collimated into a fiber in a simple butt-coupling arrangement for broad applications. Figure 4 shows the experimental output power characteristics from the devices with a 650 and 580 μm p-contact diameter. The threshold current of the device with a 580 μm p-contact diameter is slightly higher than the one with 650 μm, and the increase is likely the result of its homogeneous current density distribution in the active region. As can be seen from Fig. 2 , the current density of the device with a 650 μm p-type contact is much higher at the current aperture perimeter so the sidelobe could lase at a lower current. The maximum cw optical output power at room temperature is 0:92 W in the device with a 580 μm p-contact diameter (dashed curve), and the cw optical output power is 0:91 W in the device with a 650 μm p-contact diameter (solid curve). There is a slight increase in optical output power in comparison with the device with a 650 μm p-contact diameter. The difference can be attributed to the high scattering loss at the edge of the current aperture and the carrier absorption at the aperture perimeter.
To improve the packaging method, the device with a 580 μm p-contact diameter is soldered, junction down, to a metal diamond heat spreader with indium solder. Then the entire chip is attached to a copper heat sink by use of the same solder for mechanical stability and for good thermal and electrical conductivity. The device operates under cw conditions at room temperature, and the light output power versus injection current is shown in Fig. 5 . The maximum cw optical output power is 2:01 W at 5:88 A. The threshold current of the device is approximately 0:96 A, and the light power increases with injection currents between 1 and 5 A, with the maximum slope efficiency coefficient of 0:49 W=A. The lasing wavelength at an injection current of 5:88 A is shown in the inset of Fig. 5 , and the lasing peak wavelength is 982:6 nm with a FWHM of 0:8 nm.
Conclusion
We have calculated the current density profile in the active region of a large aperture bottom-emitting VCSEL with oxidation between the spacer layer and the p-type distributed Bragg reflector mirror. Simulation results showed that, for a particular oxide aperture diameter, homogeneous current distribution can be achieved for a VCSEL with an optimized p-contact diameter. Thus the strong sidelobes that appear in the far-field pattern from the VCSEL with a large aperture could be eliminated. The far-field divergence angle from a 600 μm diameter VCSEL is suppressed from greater than 30°to less than 15°with the pcontact diameter decreased from 650 to 580 μm. There is a slight rise in threshold and optical output power that is due to p-contact optimization. By improving the device packaging method, the device produces the maximum cw optical output power of 2:01 W with a lasing wavelength of 982:6 nm. 
